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ABSTRACT
Controlling the transmission of electrical current us-
ing a quantum point contact constriction paved a way
to a large variety of experiments in mesoscopic physics.
The increasing interest in heat transfer in such sys-
tems fosters questions about possible manipulations
of quantum heat modes that do not carry net charge
(neutral modes). Here, we study the transmission of
upstream neutral modes through a quantum point con-
tact in fractional hole-conjugate quantum Hall states.
Employing two different measurement techniques, we
were able to render the relative spatial distribution of
these chargeless modes with their charged counter-
parts. In these states, which were found to harbor
more than one downstream charge mode, the upstream
neutral modes are found to flow with the inner charge
mode - as theoretically predicted. These results unveil
a universal upstream heat current structure and open
the path for more complex engineering of heat flows
and cooling mechanisms in quantum nano-electronic
devices.
INTRODUCTION
The intimate link between heat current, entropy flow and
therefore information transfer [1, 2], triggered recent in-
terest in thermoelectric effects occurring at the nanoscale,
such as measurements of the quantum limit of heat flow
of a single quantum mode [3–6], heat Coulomb blockade
of a ballistic channel [7] or quantum limited efficiency of
heat engines and refrigerators [8, 9]. One main experimen-
tal obstacle in measuring thermal effects is to decouple
the charge from heat currents. Such separation is made
easier in the fractional quantum Hall effect (FQHE) [10],
since, at least in hole-conjugate states (say, 1/2 < ν < 1),
chargeless heat modes propagate with an opposite chirality
(upstream) to that of the charge modes [11–13]. Theoret-
ically, while Laughlin wave function [14] has a great success
∗ correspondence should be addressed to: lafont.fabien@gmail.com
in describing various aspects of the FQHE at filling factors
ν = 1/m , with odd m, the structure of hole-conjugate
filling fractions, such as ν = 2/3 and ν = 3/5, is still
not clear. Two edge-model structures had been proposed
for the most studied ν = 2/3 state, the first considers
this state as a charge conjugate of the ν = 1/3 state;
namely, a ν = 1/3 hole Landau level (LL) in the com-
pletely filled ν = 1 electronic LL form a Laughlin conden-
sate with ν = 1/3 [15, 16]. The second, considers it as
a ν = 1 type condensate of fractional e∗ = 1/3 quasipar-
ticles on top of the ν = 1/3 state [17, 18]. Interestingly,
recent experiments with a softly defined edge potential (in-
duced by a gate) showed that the structure of the edge
charge modes at filling factors ν = 2/3 (and similarly at
ν = 3/5) is in fact composed of two spatially separated
charge modes [19], that would suggest the second point
of view to be more appropriate. Furthermore, topological
arguments require to have a conserved total number of net
modes, therefore predicting two upstream neutral modes
at ν = 2/3, and three at ν = 3/5.
Here, we fully characterize the transmission of the down-
stream charge modes and the upstream neutral modes
through a potential barrier, imposed by a quantum point
contact (QPC). We show their relative spatial distribution
and heat power carried by the neutral modes. Using the
same device, we shed more light on the interplay between
charge and neutral modes impinging on a QPC by distin-
guishing thermal fluctuations from shot noise.
RESULTS
Transmission of neutral modes accross a QPC
The experimental setup, designed to map the transmis-
sion of neutral modes through a QPC constriction, is pre-
sented in Figs. 1a, 1c, 1e. The QPC (on the right) par-
titions either the charge mode emitted from S2 (Fig. 1a),
or the neutral modes excited by the hot spot at the back
of contact H (Figs. 1c & 1e). In the latter case, two
methods were employed to convert the energy carried by
the neutral modes to a measurable charge current. The
first utilized a quantum dot (QD, on the left) to convert a
temperature gradient to a net thermoelectric current [20–
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Figure 1. Description of the experimental device and methods: a) Scanning electron microscope (SEM) image of the
device. In this configuration the current is sourced from S1, reaching to the quantum dot (QD). Sweeping the plunger gate
voltage results in a succession of Coulomb peaks as shown by the blue curve on g). b) Schematic of the equilibrium distribution
on each side of the QD. When the plunger gate is tuned, electron can tunnel into the dot from the high occupation number
region to the lower one, creating a positive current measured at D1. c) Neutral mode heat detection configuration: The current
sourced in H is directed to the ground and plays no part in the experiment. A hot spot present at the upstream side of contact
H excites the neutral heat modes flowing upstream towards the QD, creating a thermal gradient across the QD. The produced
thermoelectric current then flows to D1. d) Sketch of the equilibrium distribution on both side of the dot in the case depicted
in c). In this case the tunneling direction will depend if an energy level of the QD is placed bellow or above the center of the
distribution. This induces an alternating current when the plunger gate is tuned. e) Noise measurement configuration: Here
the input QPC of the QD is set to half transmission while the second one is fully open. This turns the QD into an effective
single QPC device. The heat carried by the neutral modes increase the electron temperature at the input QPC of the dot,
which increases the Johnson-Nyquist noise, measured at D1. f) Excess noise measured at D1 as function of current injected in
H, as described in e). g) Measurement corresponding to the configuration a) in blue and c) in orange.
24] as sketched in Fig. 1c. With the thermal distribution
at the input of the QD being hotter than at the output,
scanning the energy level of the QD leads to a net ther-
moelectric current through the QD with an alternating po-
larity (see Fig. 1d and Fig. 1g, and experimental details in
Methods Section). The second approach used excess noise
measurements, resulting from the upstream heat current
impinging on a QPC (Fig. 1e) [11, 25, 26]. Here, the
input-QPC of the QD was tuned to transmission half while
the output-QPC was fully open; therefore turning the QD
to a single QPC. The impinging neutral mode increases
the electron temperature at the QPC and accordingly the
Johnson-Nyquist noise measured at D1 (Fig. 1f).
The thermopower of a QD, subjected to such a thermal
gradient, was studied both theoretically and experimentally
[21–23, 27]. On the theoretical side, one needs to ob-
tain the thermoelectric current while considering a specific
model of the edge modes structure (see below). On the
experimental side, we can directly relate the thermoelec-
tric current to the heat current carried by the transmit-
3ted neutral modes (Fig. 2a). Since half of the injected
power into contact H, PH = 1/2 × IV , is dissipated on
the hot spot at the back of the ohmic contact H , it is
proportional to the heat current (more details in sup. ma-
terial), P ∝ (T 21 − T 20 ) × pi2k2B/6h, carried away by the
neutral modes which allows us to map the thermoelectric
current to the heat flow[3, 4]. Utilizing this correspon-
dence, the spatial distribution of the neutral modes can
be ascertained by measuring their transmission through a
QPC constriction. Applying constant power (∼20 fW) to
contact H and measuring the thermoelectric (TE) current
across the QD as we gradually pinch the right-QPC (see
details in Measurement technique), we find the evolution of
heat current carried by the neutral modes (“neutral trans-
mission”), that we present on Fig. 2c (blue curve) to-
gether with the conductance of the QPC (black curve).
The neutral-transmission was extracted by taking the cor-
responding power for a given measured TE current from
the mapping in Fig.2a (blue curve); normalized to a fully
open right-QPC. A second measurement, using the noise
thermometry technique described above was used to vali-
date the neutral transmission. The results are presented on
Fig. 2c-red curve, where we plot the evolution of T 21 −T 20
(which is proportional to the heat current carried by the
neutral modes, see sup. material), where T1 is measured
and T0 = 30 mK is the base fridge temperature. It is clear
from Fig.2c that the two methods led to consistent re-
sults. Comparing the neutral transmission with the one of
the charge modes, one notices that ∼80% of the neutral
mode power is reflected when the inner charge mode, with
conductance of e2/3h, is reflected (at the beginning of
the conductance plateau, around VQPC = −0.4 V), show-
ing that most of the upstream heat flow is ‘attached’ to
the inner charge mode. A very similar result was obtained
for ν = 3/5 with strong correlation between the reflection
of the inner charge mode and the reflection of the heat
modes (Fig. 2e).
Theoretical Model
We now compare our experimental results to a theoret-
ical model of the ν = 2/3 state. The first model for such
state was developed by MacDonald [15], that predicted two
counter-propagating charged edge modes with respective
conductance e2/h flowing downstream and e2/3h flowing
upstream. Due to the absence of any experimental evi-
dence of upstream current [28], Kane, Fisher and Polchin-
ski [16, 29] introduced scattering between the above men-
tioned channels leading to a single downstream charge
mode with conductance 2e2/3h and an upstream neutral
mode. Later, Meir et al. [17, 18] refined this model for
a soft edge potential (which is the case for gate-defined
edge, like presently) and proposed an edge modes picture
presented on Fig. 2b. A smooth confining potential in-
duces a non-trivial density variation near the edge: Starting
from the bulk, the local filling factor goes from 2/3 to 1
creating an upstream charge mode of conductance e2/3h.
The subsequent filling factor drop goes from unity to 0
and therefore creates a charge mode going downstream
with an associated conductance equal to e2/h. Finally,
an extra density hump reaching ν = 1/3 creates a pair
of G = e2/3h counter propagating channels. Taking into
account interactions and scattering between the channels
leads to the presence of a decoupled channel with conduc-
tance e2/3h of width ξ0 close to the edge, flowing next
to an inner, wider channel of width ξ, also with conduc-
tance e2/3h accompanied by two neutral modes flowing
upstream. Note, that there are several alternative pic-
tures of QH states at filling factors 2/3 and 3/5 both with
and without neutral upstream edge modes (see, e.g., [30]).
Moreover, edge reconstruction phenomena [31, 32] (e.g.
additional humps in the density) can affect both the mi-
croscopic and effective behavior of edge states. Therefore,
we focus our discussion on the simplest effective model of
edge states that is less sensitive to the details of exper-
imental situation. The theoretical model presented here
utilizes the “Meir et al.” edge structure where couplings
between channels leads to different excitation. The outer
edge mode is completely decoupled from all other chan-
nels, while the inner channel gives rise to excitations, each
characterized by a charge e∗ and a scaling dimension ∆
(see details in Supplementary note 4), which allow us to
calculate the TE current through a single energy level 0
of the QD for this particular edge state picture and for
dominant excitation with e∗ = 1/3 and ∆ = 1[33]:
ITE ∝ [fout(Tout, 0)fin(Tin,−0)−fin(Tin, 0)fout(Tout,−0)] (1)
where fout, fin, Tout, Tin are the occupation numbers and
temperatures corresponding to the Input and Output side
of the quantum dot. Considering that the two upstream
modes originate from a hot reservoir at temperature T1
and the downstream ones at temperature T0, it is possible
to express the QD’s input/output occupation number as,
fin(0) =
∫
dt e i0t
[
T0
sinh(piT0(t − iη))
]δ0 [ T1
sinh(piT1(t − iη))
]δ1
(2)
with δ0 = 1/3, δ1 = 2/3 , ∆ = δ0 + δ1 = 1 and
fout(0) =
∫
dt e i0t
T0
sinh(piT0(t − iη)) =
1
e0/T0 + 1
(3)
Inserting Eqs. (2) & (3) in Eq. (1) one can calculate the
evolution of the TE current in a QD with a single energy
level for this particular edge modes picture (see Supplemen-
tary note 4). The results either using effective temperature
approximation or exact numeric integration are plotted in
Fig.2a. The good agreement between the theoretical and
experimental results strengthen the validity of an edge pic-
ture that consists of two charge modes accompanied by
two upstream neutral modes. Using the same theoretical
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Figure 2. Transmission of neutral modes: a) Evolution of the thermoelectric current as function of the Joule power
applied on H at ν = 2/3 (blue curve) and at ν = 3/5 (green curve). Theoretical prediction of the thermoelectric current
through the QD, orange dashed curve shows effective temperature approximation, orange solid curve shows result of exact
numeric integration. b) Theoretical model of the edge structure of the ν = 2/3 state. Before equilibration four charge modes
φ0,1,2,3 are considered with respective velocity set by ∂ρ(y)/∂y . After renormalization the system consists of two downstream
charge modes of different width ξ and ξ0 and two upstream neutral modes attached to the inner mode. c) black curve-left
axis: Conductance at the QPC constriction as function of the QPC split gate voltage at ν = 2/3, blue curve-right blue axis:
Evolution of the neutral transmission as function of the QPC split gate voltage. Red curve-red axis: evolution of the excess
noise measured at D1 as function of the QPC split gate voltage. d) Theoretical charge and neutral transmission. e) Similar to
c) at filling factor ν = 3/5 . f) Neutral transmission as function of the conductance in the QPC constriction for the bulk filing
factors νB = 2/3 and νB = 3/5. The plain and open symbols designate two different samples.
50.0 0.2 0.4 0.6 0.8 1.0
transmission
0.0
1.0
2.0
3.0
∆
S
(1
0−
29
A
2
/H
z)
0
1
2
3
4
5
0
1
3
5
7
-1 -0.5 0 0.5
0
0.2
0.4
0.6
G
Q
P
C
(e
2
/h
)
VQPC (V)
t = 1/2
2 µm
D1 H
S2S2
D2D2
I T
E
(p
A
)
∆
S
(1
0−
29
A
2
/H
z)
a) b) c)
d) e)
f )
g)
S2 → D2 H → D2 S2 → D1
α×(H → D2)
∆
S
(1
0−
29
A
2
/H
z)
-3 -2 -1 0 1 2 3
0
5
10
15
t = 1/2
S2 → D2
H → D2
α×(H → D2)
ISD (nA)
Figure 3. Noise measurements: a) Sketch of noise measurement at D2 when sourcing charge current from S2 b) Sketch
of thermoelectric measurement at D1 when sourcing from S2, the impinging current generates heat carried upstream by the
neutral modes and converted to thermoelectric current at the QD. c) Sketch of noise measurement at D2 when sourcing from
H, the upstream neutral modes excited at the hot spot increase the Johnson–Nyquist noise measured at D2 d) Conductance
of the QPC as function of the split gate voltage. e) Green: Current fluctuations measured at D2 when sourcing from S2 as
function of the transmission of the QPC. Blue: Current fluctuations measured at D2 when sourcing from H. black: Same as
blue multiplied by a scaling factor α = 2. Red: Thermoelectric current measured at D1 when sourcing from S2. f) Excess noise
measured at D2 as function of the current at transmission half when sourcing from S2 (green) or H (blue). The black curve
represents the noise from H to D2 (blue curve) multiplied by the scaling factor α = 2. g) Grey dots: Shot noise contribution
NSN = Ntot − αNth = NS2→D2 − αNH→D2. Orange curve: expected shot noise from 2 separated ballistic charge channels.
picture, we have modeled the neutral and charge transmis-
sions trough the QPC constriction using a quasi-classical
approximation [34]:
ti(V ) = 1/
(
1 + e(V−Vi )/δVi
)
(4)
where i =inner, outer. In our model there are two modes
that are spatially separated, therefore they will be centered
around different gate voltage Vi of the split-gate QPC,
and with different width corresponding to δVi . The total
charge transmission tcharge(V ) = (tinner(V ) + touter(V )) /2
is plotted in Fig.2d together with the neutral transmission,
tneutral(V ) = tinner(V ), where both the neutral modes are
located near the inner charge mode. As visible on Fig.2d,
this simple model is able to qualitatively explain the trans-
mission of the neutral modes; and in particular the observed
6vanishing of the neutral transmission when the conduc-
tance reaches GQPC = 1/3. To compare in more details
the measured transmission of the neutral modes in the two
bulk fractions, νB = 2/3 and νB = 3/5, we have plotted
each one as function of the conductance of the QPC con-
striction GQPC (Fig.2f). Surprisingly, they present a nearly
identical behavior, which strongly suggests that, at least
for these two hole-conjugate states, the transmission of
the neutral modes is dictated by the conductance of the
QPC and is poorly dependent on the bulk filling factor.
We have plotted on the same figure (open symbols) the
results of another similar sample (presented in Supplemen-
tary note 1). It is clear that the curves present an overlap
on a large GQPC region which indicates that the structure
of the neutral modes is universal and do not depend on the
bulk state as well as the particular mobility or disorder in
the QPC constriction.
Excess noise subtraction
Noise measurements reveal even more about energy
exchange mechanisms between the charge and neutral
modes. We first start from the configuration presented on
Fig.3a, where we measure excess-noise in D2 when sourc-
ing DC current from S2. As shown on Figs. 3e & 3f (green
curves) and reported previously [25, 26, 35, 36], the noise
remain finite when the QPC is tuned to the conductance
plateau at tQPC = 1/2 with GQPC = e
2/3h (Fig. 3d).
This finite noise is even more puzzling since in recent ex-
periment [19] it was shown that two spatially separated
channels are present, excluding the presence of conven-
tional shot noise at such transmission. Taking advantage
of this device we were able to show that a thermal contri-
bution is added to the shot noise. In order to distinguish
between the thermal noise and the partition noise of the
quasiparticles (shot noise), the TE current in the QD was
measured as function of the right-QPC, but this time the
current was sourced in S2 (Fig. 3b). The finite measured
thermoelectric current presented on Fig. 3e (red curve)
is a clear signature of heat dissipation occurring at the
right-QPC constriction where the charge modes exchange
energy with the neutral mode. Similarly, exciting neutral
modes using contact H as shown in Fig. 3c, increases lo-
cally the electronic temperature at the QPC – as discussed
before (Fig. 3f, blue curve). Indeed, a similar dependence
on the right-QPC transmission, in both measurements, is
observed in Fig. 3e. Subsequently, it is interesting to ex-
clude the thermal contribution from the total excess noise
measured at D2 when sourcing from S2 and be left with
the shot-noise contribution solely. In order to do that, we
subtracted the thermal noise Nth multiplied by a constant
α, that characterizes the neutral mode decay, from the to-
tal noise Ntot. The constant α was chosen such that the
shot noise contribution at half-transmission would be zero
- as expected from a full transmission of one channel and a
full reflection of the second. The result of this subtraction
Nsn = Ntot − αNth is plotted on Fig. 3g together with
the expected excess noise (orange curve) for two charged
channels giving a “double hump” shape (due to the t(1−t)
dependence of the noise of each channel). The shot noise
NSN follows the expected behavior in the range 0− 0.5 of
total QPC transmission, but then collapses to zero in all
the region above half transmission. This would imply that
the measured noise when the inner mode is being parti-
tioned results solely from thermal fluctuations - consistent
with the neutral modes being attached to the inner chan-
nel. This would furthermore indicate that, the outer mode
can be partitioned like a ballistic channel while the inner
one exhibits dissipation. More experimental and theoreti-
cal studies of this excess noise are required to have a full
picture of such state.
DISCUSSION
Via studying the transmission of neutral modes through
a QPC constriction at hole conjugate states, ν = 2/3 and
ν = 3/5 we showed that this structure is consistent with
the presence of two upstream neutral modes attached to
the downstream inner charge mode; being in agreement
with the proposed model by Meir [17, 18]. Moreover, this
transmission of the neutral modes through a barrier formed
by a QPC constriction is governed by its conductance and
does not depend on the bulk-filling factor. This suggests a
universality of the neutral modes morphology, which should
guide future theoretical models describing them and their
interplay with the charge modes. More generally, these re-
sults mark a new step in the understanding of heat trans-
port in the FQHE regime as well as for possible future
implementation of controlled engineering of heat currents
on nanoscale electronic devices.
METHODS
Sample fabrication
The samples were fabricated in GaAs–AlGaAs het-
erostructures, embedding a 2DEG, with an areal den-
sity of (1.2–2.5) × 1011 cm−2 and a 4.2 K “dark”
mobility(3.9–5.1)× 106cm2V−1s−1, 70–116 nm below the
surface. The different gates were defined with electron
beam lithography, followed by deposition of Ti/Au. Ohmic
contacts were made from annealed Au/Ge/Ni. The sample
was cooled to 30 mK in a dilution refrigerator.
7Measurement technique
Conductance measurements were done by applying an
a.c. signal with ∼ 1µV r.m.s. excitation around 1.3 MHz
in the relevant source. The drain voltage was filtered us-
ing an LC resonant circuit and amplified by homemade
voltage preamplifier (cooled to 1 K) followed by a room-
temperature amplifier (NF SA-220F5).
For the thermoelectric current measurement, an alter-
nating voltage VH at frequency f≈650 kHz was applied to
contact H, giving rise to an upstream neutral modes with
temperature proportional to |VH|, producing a series of har-
monics starting at 2f . The heat reaching the upper side
of the QD generates an alternating thermoelectric current
flowing to drain D1. The signal is then filtered using an LC
circuit with a resonant frequency at 2f = 1.3 MHz ampli-
fied by a home-made voltage cold amplifier followed by a
room-temperature amplifier, and finally reaching a lock-in
amplifier set to measure at frequency 2f. The thermoelec-
tric current was measured by sweeping the plunger gate
for a given VH amplitude by averaging the peak-to-peak
voltage of more then 20 consecutive oscillations. The QD
is in the metallic regime ∆E  kBT  e2/C where the
temperature is above the level spacing ∆E and below the
charging energy e2/kBC = 290 mK (see Coulomb diamond
measurement in Supplementary note 3).
Data availability
The data that support the plots within this paper and
other findings of this study are available from the corre-
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Supplementary Note 1: Eliminating bulk thermal transport
Here we present a second sample studied in order to probe if any contribution to the heat measured by the quantum dot
was propagating through the bulk and not only through the edge modes. The device is very similar to the one from the
main text. A deflector gate is placed before the quantum dot that allows to redirect the neutral modes to the ground
directly. The results of the thermoelectric current measured versus the plunger gate voltage for the two configurations,
deflector open and close, are presented on Supplementary Figure 1. When the QPC is closed a net thermoelectric
current is measured similarly to the main paper sample. Nevertheless, one can notice that the thermoelectric current
is only positive, which is due to the fact that we used a spectrum analyzer, only sensitive to the absolute value of the
signal. Conversely, when the deflector is open, no thermoelectric current is measured by the quantum dot, which shows
that no measurable contribution arise from the bulk.
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Supplementary Figure 1. Measurement of the second sample: a) Configuration corresponding to the measurement
of the Coulomb blockade peaks. both sides of the quantum dot are at base temperature. Sourcing current from S
results in transmission peaks measured in D1 when changing the plunger gate voltage, as visible on b). c) Configuration
corresponding to the measurement of the neutral transmission using the thermoelectric current created through the
quantum dot when the deflector gate is closed. d) Evolution of the thermoelectric current across the quantum dot as
function of the plunger gate voltage. e) Configuration corresponding to the measurement of the neutral transmission
using the thermoelectric current created through the quantum dot when the deflector gate is open f) No thermoelectric
current is measurable through the QD when the deflector is open showing that no heat transport is happening in the
bulk of the sample.
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Supplementary Note 2: Upstream neutral modes at other filling factors
In Supplementary Figures 2 we present thermoelectric measurements at other filling factors, ν = 2, 1, 2/3, 3/5, 2/5, 1/3
together with the coulomb blockade (CB) conductance as function of the plunger gate. At all of the measurements
we sourced AC voltage of VH ∼ 70µVRMS and scanned the plunger over a range of CB peaks where the QPC if fully
open and the deflector gate is energized. At fillings ν = 2, 2/5 and 1/3 there were no measurable thermoelectric
voltage, consisting with the lack of upstream neutral modes at these states. At fillings ν = 1, 2/3 and 3/5 we measure
significant thermoelectric voltage consisting with the upstream neutral expected in the hole-conjugate states (ν = 2/3
and 3/5). At filling ν = 1 upstream heat mode was measured before [1, 2] and it was attribute to a state of ν = 2/3
underlying the ν = 1.
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Supplementary Figure 2. Evolution of the Coulomb peaks and thermoelectric currents for several filling factors:
Thermoelectric voltage at other filling factors, ν = 2, 1, 2/3, 3/5, 2/5, 1/3. Blue curves - left axes - conductance
through the QD tuned to Coulomb blockade regime. Orange curves - right axes - thermoelectric voltage at the same
regime. Measured with the deflector gate energized and VH ∼ 70µVRMS
2
Supplementary Note 3: Quantum Dot Coulomb diamonds
Here is presented the evolution of the conductance in the quantum dot as function of the voltage applied in S1 and the
plunger gate. The extracted charging energy is ∼ 25µeV which corresponds to an equivalent temperature of ∼ 290
mK.
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Supplementary Figure 3. Coulomb Diamonds: Evolution of the conductance of the quantum dot as function of
VS1 and Vpl. Coulomb diamonds are visible with a typical charging energy of 25µeV with corresponds to an equivalent
temperature of ∼ 290 mK
Supplementary Note 4:Theoretical model
Fractional quantum Hall states at simple Landau level filling fractions like ν = 1/m with odd m could be described by
the Laughlin wave function [3]:
〈z1, ..., zn|ΨL〉 ∝
∏
i<j
(zi − zj)m exp[− 1
4l2B
∑
i
|zi |2], (1)
where zi = xi + iyi are complex coordinates of electrons in the plane of two-dimensional electron gas and lB =
√
~c/eB
is the magnetic length. This state features fractionally charged anyons that are created by the operator ψ†(ζ) defined
via
〈z1, ..., zn|ψ(ζ)|ΨL〉 =
∏
i
(ζ − zi)〈z1, ..., zn|ΨL〉. (2)
The Laughlin wave function (1) has a great success in describing various aspects of the corresponding fractional
quantum Hall states. It has also been shown to be very close to exact eigenstate by numeric calculations and shown
to be a universal exact wave function for short range interactions.
For more complex filling fractions like ν = 2/3, 3/5, etc., it is still not completely clear what is the structure the
wave function. Here we focus on the ν = 2/3 state and discuss consequences for other filling factors later. There are
two points of view on the ν = 2/3 state. One considers this state as a charge conjugate to the ν = 1/3 state. In
other words, holes in the completely filled Landau level ν = 1 form a Laughlin condensate with ν = 1/3. Another one
considers ν = 2/3 state as a ν = 1 type condensate of fractional e∗ = 1/3 quasi-particles on top of the ν = 1/3 state.
It can be described by the wave function:
|Ψ 2
3
〉 ∼
∫
J(ζ, ζ¯)dMζdM ζ¯
∏
i<j
(ζi − ζj) exp[− 1
4ml2B
∑
i
|ζi |2]
∏
i
ψ†(ζj)|ΨL〉. (3)
Note that the magnetic length of inner condensate is renormalized by
√
m. Such construction in general could describe
various filling factors in the hierarchic manner [4].
We argue that the present experiment indicates that the second point of view is more appropriate. In order to
investigate the edge structure of such state (3), we take into account that the energy scales are much lower than the
fractional gap and use the effective low-energy theory [5, 6, 7] to describe the edge states. It has been shown [8] that
the generic action for Abelian effective model of edge sates can be always cast in the form:
S[φs ] =
1
4pi
∑
s
∫
dtdx [σsDtφsDxφs − vs(Dxφs)2 +Qsµνaµ∂νφs ], (4)
3
where µ = x, t, σs = ±1 denotes chirality of the corresponding eigenmode, and covariant derivative Dµφs = ∂µφs +
σsQsaµ depends on the couplings Qs of the corresponding modes to the external electro-magnetic potential aµ. The
charge density operator in such theory is expressed in terms of boson fields as ρs = (σsQs/2pi)∂xφs . There has been
proposed an edge reconstruction picture [14] as shown in Fig S3. Here we follow this idea and propose a particular
model with Qˆ = (1/
√
3, 1/
√
3, 0, 0)T ,
∑
s σsQ
2
s = ν and electron fields:
φ1 =
√
3φc +
√
3
2
φ′n +
1√
2
φ′′n (5a)
φ2 =
√
3φc +
√
2φ′′n (5b)
φ3 =
√
3φc −
√
3
2
φ′n +
1√
2
φ′′n (5c)
Note that such model differs from proposed in Ref. [14] only in the degenerate subspace of the neutral modes.
In the limit of strong interactions the velocity of charged mode is large vc  v ′n, v ′′n . We speculate that the width
of inner reconstructed modes is also large ξ/ξ0  1. This is consistent with the fact that the correlation length in
the inner condensate of (3) is larger. Statistical phases for electronic excitation are indeed fermionic θαβ = piKαβ,
α, β = 0, ..., 3.
Kˆ =

3 0 0 0
0 1 2 4
0 2 1 2
0 4 2 1
 (6)
so that electron vectors form an integral lattice that has a hexagonal projection on the neutral sector. Quasi-particles
must have single-valued wave functions as, e.g., Laughlin quasi-particles (2) discussed above. In the effective model
language this translates into integer statistical phases with respect to all electronic excitation. In other words, quasi-
particles form a dual lattice:
χn =
n0√
3
φ0 +
n1 − n2 + n3√
3
φc +
n3 − n1√
6
φ′n +
n1 − 2n2 + n3√
2
φ′′n (7)
The charges of the corresponding excitation are e∗n = (n0 + n1 − n2 + n3)/3 and the scaling dimensions are given by:
∆n =
1
3
n30 + n
2
1 −
1
3
n22 + n
2
3 +
4
3
n1n3 − 8
3
n2(n1 − n2 + n3). (8)
It is interesting to investigate the most relevant particles content in the inner channel, we index them as χn1n2n3 .
There is one excitation with e∗ = 1/3 and ∆ = 1/3 that is decoupled from neutral modes:
χ111 =
φc√
3
(9)
also there are three “neutralons” with e∗ = 0 and ∆ = 2/3:
χ110, χ10−1, χ011 (10)
and conjugate. Interestingly there are six quasi-particles with e∗ = 1/3 and ∆ = 1 (free fermion scaling dimension):
χ001, χ100, χ012, χ210, χ122, χ221 (11)
These could be a signature of ν = 1 like condensate (plasmon waves on the boundary of inner condensate of e∗ =
1/3 quasi-particles). These last quasi-particles (11) have non-zero charge and are coupled to the upstream modes.
Therefore they are responsible for the dominant contribution to the thermo-electric effects upstream.
Quantitative results: Thermo-electric current
Upstream thermo-electric current through a single level with energy 0 can be estimated as
Ith−el ∝ [fD(0)fU(−0)− fU(0)fD(−0)] (12)
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Supplementary Figure 4. Theoretical edge state structure: Schematic of the effective edge model. The blue curve
shows possible transversal profile of charge density near the boundary of two-dimensional electron gas. In the effective
theory, the inner modes are described in a universal way by three boson fields φc, φ
′
n, φ
′′
n with action (4). Note that
these modes have larger width than the outermost charged mode.
Here effective occupation numbers fi(0) are simply Fourier transforms of the corresponding correlation functions:
f (0) =
∫
dte i0tK(t) (13a)
K(t) = 〈exp[−iχn(t)] exp[iχn(0)]〉 (13b)
We take into account that downstream modes on the upper edge of quantum dot originate from a cold reservoir
with base temperature T0, while upstream modes are from ”hot” Ohmic contact with temperature T1. Assuming that
the dominant cooling mechanism is by four edge states [9, 10], and taking into account that every chiral bosonic mode
at temperature T carries a heat flux piT 2/12 we could write down the heat balance equation between the heat produced
in the contact and heat dissipated (carried away by edge modes):
I∆µ =
pi
3
(
T 21 − T 20
)
. (14)
Therefore we find that T1 =
√
T 20 + (∆µ/pi)
2 for ν = 2/3 and we have:
fU(0) =
∫
dte i0t
[
T0
sinh(piT0(t − iη))
]δ0 [ T1
sinh(piT1(t − iη))
]δ1
. (15)
In our model δ0 = 1/3, δ1 = 2/3 and ∆ = δ0 + δ1 = 1. For the lower edge effective occupation coincides with free
fermions, since ∆ = 1:
fD(0) =
∫
dte i0t
T0
sinh(piT0(t − iη)) =
1
e0/T + 1
(16)
We could also estimate the upper effective occupation (13) taking into account that at small energies the integral
comes from the large times, where the correlation function decays exponentially:
K(t) ' exp[−piTeff |t|], Teff = T0 + 2T1
3
. (17)
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Thus one could make an estimation:
fU(0) ∼ 1
e0/Teff + 1
(18)
Results of this approximation as compared to exact numeric integration are shown in Fig 2d in the main text . They
also agree well with the experimental data.
The asymptotic behavior of the thermo-electric current (12) in effective temperature approximation is
Ith−el ∼ ∆µ2/T 20 , ∆µ T0 (19a)
Ith−el ∼ const, ∆µ T0 (19b)
The saturation constant itself does not depend on base temperature T0 when it is sufficiently low, but is suppressed as
δ0/T0 when temperature becomes comparable with the level spacing δ0 of the quantum dot.
Qualitative discussion: QPC charge and neutral transmissions
The key ingredient for the results of previous section is the electron-like scaling behavior of fractional quasi-particles
(11). Here we also use the argument that the fractional quasi-particles coupled to neutral modes behave like free
electrons. It is important to note that the effective action (4) is an intermediate fixed point, it has relevant neutralons
∆ = 2/3. In contrast, low-energy fixed point of Polchinski-Kane-Fisher model [11] has only irrelevant neutralons with
∆ = 2. However, quantum point contacts and quantum dots can give additional energy scale that pins the intermediate
fixed point.
There are three wide inner states in our model: one charged and two upstream neutral and one narrow charged
outer. The transmission of a single channel could be modeled in the quasi-classical approximation [12, 13] as
ti(V ) =
1
1 + e(Vi−V )/δVi
(20)
where i = in, out. In our model there are two channels that are spatially separated, therefore they will be pinched off
at different QPC voltages:
tcharge(V ) =
1
2
[
1
1 + e(Vin−V )/δVin
+
1
1 + e(Vout−V )/δVout
]
(21)
Analogously, both neutral modes are located at inner channel, so that:
tneutral(V ) =
1
1 + e(Vin−V )/δVin
(22)
It is natural to assume that δVin/δVout ∝ ξ/ξ0  1.
• Appearance of quasi-particles with charge e∗ = 1/3 but with electronic scaling dimension ∆ = 1.
• Couplings of the above quasi-particles to the changed and neutral modes are universal δ0 = 1/3 and δ1 = 2/3 in
the limit of strong Coulomb interactions.
• Inner and outer edge channels have significantly different widths ξ/ξ0  1.
• Upstream neutral excitation only appear in the inner channel.
Most of these features will appear in all other filling fractions that allow hierarchic condensates. And indeed, the
experimental data for ν = 3/5 show that all the results are very similar.
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